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planned production time of remanufacturing production routings, and is appropriate for
even large, complex, multilevel BOM structures.
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CHAPTER 1
INTRODUCTION AND OVERVIEW

1.1

Introduction
Remanufacturers experience a great deal of frustration due to the fact that traditional

Enterprise Resource Planning (ERP)/ manufacturing resource planning (MRP II) systems
do not adequately support remanufacturing operations. Remanufacturers need a production
planning system that adequately plans remanufacturing End Item assets and their child
subcomponent Bill of Material (BOM) structures. Design of an apt remanufacturing ERP/
MRP II system requires a significant paradigm shift in the system Material Requirements
Planning (MRP) module scheduling logic. This thesis outlines a new MRP time-phased
scheduling algorithm for utilization in remanufacturing operations.

1.2

Problem Statement
The Material Requirements Planning (MRP) module scheduling calculations logic of

traditional ERP/ MRP II systems does not recognize that in remanufacturing environments
disassembly operations are in essence quasi-independent events upon which the scheduling
of child subassemblies and component parts are dependent. Thus, these systems do not
properly automatically schedule remanufacturing subassembly and End Item production
routing operations.
1

1.3

Scope
It is important to define the narrow scope and business scenario to which this thesis

addresses. This thesis specifically presents a new MRP time-phased scheduling algorithm
for the remanufacturing production routing scheduling of an End Item and the component
parts and subassemblies removed from that End Item, remanufactured, and reinstalled in
the End Item. In this scenario the only independent demand is for End Items. Numerous
researchers have documented and proposed solutions for MRP/ MRP II problems within
the field of remanufacturing, such as scenarios with independent demand for component
parts, several of which are referenced within the Literature Review section of this thesis.
Likewise, any MRP/ MRP II topics pertaining to the planning of purchased component
parts are outside the scope of this thesis.
The business scenario that sets the framework for this thesis is a remanufacturing facility characterized by a highly complex production model. The following list details the
characteristics of this facility, utilizing standard APICS terminology (see the Glossary in
Appendix A for definitions).
• Overall, the plant has a process layout, but also contains several low volume repetitive production lines
• Make-to-Order (MTO) (maintain no inventory of finished goods) — exact product
configurations are specified within the customer’s scope of work outlined in the sales
order
• Master Production Schedule (MPS) only contains firm customer order delivery schedules of end items
• Discrete manufacturing
• Intermittent production
• The only components purchased new are those that either cannot be remanufactured,
or are beyond economic repair
2

• Low-medium volume of production
• Highly complex assemblies (such as military combat vehicles) with very large multilevel Bills of Material (BOMs) (some with more than 20,000 components)
• Maintain virtually zero safety stock of purchased components (except bench stock
items, such as common o-rings, seals, fasteners, etc.)
• Multiple product lines running within the facility simultaneously
• Start Dates of Production Orders are backward scheduled from the due date of customer orders (become the Master Production Schedule (MPS))
• End item assets (cores) may arrive in multiple conditions (missing component parts,
different levels of wear, different broken components, etc.)
• Batching (production lots) of subassemblies and components removed in the same
disassembly bay, and that follow the same reclamation routing
• High volume of Work-in-Process (WIP) within the plant due to the multiple product
lines and very high quantities of sub-components disassembled from the end items
(very large multilevel BOMs)

1.4

Significance of the Problem
According to Gagnon and Morgan [6], MRP-based scheduling criteria is the most com-

monly used methodology for remanufacturing operations. The shortfall of traditional MRP
scheduling calculation logic detailed in this thesis is not unique to systems in one particular
industry. This author has witnessed it within the MRP scheduling calculations of a current
ERP system at US Department of the Army remanufacturing depots. And, Panisset [13]
recognized and wrote of this issue with regard to the West Australian Government Railway
(“Westrail”) repair and remanufacturing facilities in the 1980s.

1.5

Background
Traditional ERP/ MRP II systems, and thus their embedded MRP module schedul-

ing calculations logic, are designed and geared toward new part manufacturing. From its
3

inception, MRP was designed to calculate an assembly’s raw material and/ or child component part requirements for assembly operations by quantity and date, driven by a demand
forecast populated in the Master Production Schedule (MPS). While companies [13], and
even the US military, have modified ERP systems or created work-around procedures in
order to make the ERP systems work in remanufacturing environments, the inherent design limitations of the underlying MRP scheduling logic remains. This viewpoint is echoed
by Szendel [15] who says that, “The ‘standard’ MRP II system can be used in a remanufacturing environment, but requires a number of extensions or modifications to be truly
effective.” One methodology utilized by a number of production planners is to manually add wait time between the disassembly and assembly operations on each subassembly
and End Item production routings and/ or production orders in order to allow for the lead
time of its remanufactured child subassemblies and component parts. The system does not
automatically utilize the lead time of child subassembly and component remanufacturing
production routings in backward scheduling the parent production order disassembly operation(s). Also, in a typical MRP calculation methodology, when there are multiple orders
running for a component and an End Item delivery schedule changes, or a MRP exception
message is generated, then the system “arbitrarily” selects what the it believes is the best
child component production order to reschedule with regard to its rescheduling recommendations, whether those parts were actually the ones that were originally removed from the
End Item, or not. This is due to the fact that there is no hard linkage to the child production
orders of parts removed from the End Item.

4

This thesis presents an algorithm to automate the remanufacturing lead time allowance
calculation for child subassemblies and component parts in the form of a term developed
by this author herein, named Stack Time, and to created a linkage between the End Item or
subassembly remanufacturing routing operation to which a remanufactured subassembly
or component part is allocated for reassembly, as well as the respective routing operation
from which it is disassembled. Stack Time (see Equation 3.2 on page 35) is defined as:
Stack Time Automatically calculated planned time in a remanufacturing production routing between a parent (End Item or subassembly) disassembly activities — where
children are removed — and the parent’s production operations where those remanufactured children are further processed (e.g. reassembled). It is calculated as the
net maximum planned cumulative production time of all child production routing
activities. Stack Time allows for calculating total remanufacturing production lead
time, analogous to the critical path in project management.

1.6

Summary of Research Findings
This author can find no published academic nor published works that adequately ad-

dress or solve the problem statement presented in this thesis. Furthermore, this author can
find no ERP/ MRP II system currently on the market specifically designed for a remanufacturing environment. Most current systems utilize traditional MRP scheduling calculation
logic in scheduling production routing operations. As this thesis demonstrates, such an
approach is insufficient for scheduling remanufacturing production routing operations, and
as such requires a new, novel approach.

5

CHAPTER 2
LITERATURE REVIEW

Szendel [15] states that standard MRP II systems require either extensions or modifications for use in remanufacturing environments. His article attempts to define some of
the system extensions and modifications required with suggested changes in the following
four major system functional areas:
• Master scheduling
• Material planning
• Capacity planning
• Cost accounting

Szendel [15] incorporates the following terms introduced and defined by Foucaud and
Farley [5]:
• Frequency of Repair — percentage of time that a component is repaired
• Replacement Factor — percentage of time that a component is purchased new
• Occurrence Factor — percent of time a specific repair operation occurs for a routing

Szendel also states that four types of BOMs may be required in a remanufacturing environment:
• Engineering BOM — lists all raw materials, subassemblies, and component parts
required to build an end item, and is used in configuration control
6

• Planning (or Provisioning) BOM — used to forecast new material purchase requirements, which contains the Replacement Factors
• Disassembly BOM — used for the planned recovery of usable components
• Repair BOM — identifies components normally reclaimed during remanufacturing
operations, and is thus used to estimate capacity requirements; contains the Repair
Factor
Though Szendel [15] presents the four aforementioned BOMs, he goes on to state that,
“In reality, a single planning bill will be used,. . . combining the features of the
provisioning and repair bills. Modularize the bill and use a bill of material
processor to build and ‘as ordered’ bill if the product has a number of options
or if there are a number of interchangeable or substitutable items. It may be
necessary to maintain a series of planning bills for the same item, each with
different replacement factors to reflect different end item operating environments because each environment produces different wear characteristics and
failure rates.”
My experience at a Department of the Army remanufacturing depot affirms Szendel’s assertions. These BOMs can be further streamlined by combining the Disassembly BOM
with the Repair BOM. Therefore, in practice only a Remanufacturing BOM (RBOM) is
utilized. A RBOM is what I utilize within the example in this thesis Notional Remanufacturing Example section (Section 3.2 beginning on 23).
Wassweiler [16] states,“The remanufacturing process. . . requires manufacturing and
computer support systems geared to its unique characteristics.” He goes on to say, “in a typical remanufacturing operation, the only thing that is predictable is uncertainty. . . Coping
with nonstandard conditions and uncertainty in remanufacturing is the key to an effective
system.” These are very accurate assertions by the author. Wassweiler presents the following MRP II system functions which must uniquely support remanufacturing:
• Cost estimation — includes induction, disassembly, subassembly replacement, final
assembly testing, labor, materials, subcontracting, shipping, and invoicing
7

• Scheduling production — core returns, use of a disassembly BOM and planning
BOM
• Inventory stocking designations — account for different part conditions by using different inventory stocking designations for the same part number, such as serviceable
parts and repairable parts
• Routings — both allowing for detailed reclamation instructions where needed, as
well as the flexibility for operations that may differ in execution from those planned
• Job Costing — accurate capture of actual cost accrual
• Capacity Planning — use of Occurrence Factors for routing operations
• Flexible functionality — must cope with the inherent uncertainty of a remanufacturing environment

Fourcaud and Farley [5] present the argument that there are more similarities than differences between standard MRP II procedures, and the MRP II procedures required by
remanufacturers. The authors suggest the following major differences:
• Types of orders — some remanufacturers use disassembly and repair orders
• Source of raw materials — remanufacturing relies on returned cores
• Structure of BOMs — exact quantities of components to repair and purchase are not
known prior to examination of the core; thus, remanufacturing BOMs must rely on
planning factors which are derived from historical probabilities
• Capacity load of workcenters is not known until after parts are evaluated, thus resource requirement estimates rely upon probabilistic operation requirements
• Tailored routes — adjustment of the planned route during execution based upon
actual evaluation of part condition

I take significant issue with one viewpoint expressed by Fourcaud and Farley regarding
supposed similarities between standard MRP II procedures, and those required by remanufacturers. Namely, the authors posit that the basic scheduling logic between standard
MRP II and remanufacturing MRP II is the same. While on the surface this may seem
8

true in that both manufacturers and remanufacturers can utilize either forward scheduling or backward scheduling procedures of their orders, the true detailed scheduling logic
required to adequately schedule remanufacturing order is significantly different than that
used by manufacturers. This fact is the basis of this thesis.
I vehemently disagree with a base assumption made by Kang and Hong [10] that “Ordinary remanufacturing planning problems from an operational perspective are inventory
control problems.” This statement could not be farther from the truth. In making this statement they are in essence making a pat assumption that all remanufacturing occurs within
a make-to-stock environment, and in no way acknowledges that much remanufacturing is
in a make-to-order environment. This flawed logic displays a lack of understanding of the
industry on behalf of the authors.
McCaskey [12] presents some alternative processing logic for remanufacturing closedloop MRP. He introduces the following terms and definitions:
• Control item — “. . . that component or subassembly which, if deemed unrepairable
or scrapped during repair, provides economic justification for condemnation of the
asset.”
• Process yield — percentage of successful reclamations compared to the number attempted for each component [note that McCaskey’s definition of Process yield differs from the APICS Dictionary definition]
• Scrap or “missing” allowance — percentage of time a component is discarded due to
severe damage without an attempted repair; or the component is missing upon receipt
of the core [note: appears to be the same as Fourcaud’s[5] Replacement Factor]
• Percent Unit Requirement (PUR) formula, which is fed by daily scrap reports from
the shop floor to provide early warning of potential part shortages
PUR = 1 −

1 − SRSI
1 − SRCI

9

where,
SRSI = the actual scrap rate of the subject item, and
SRCI = the actual scrap rate of the relevant control item

If PUR is positive, it indicates a probable need of new parts for that component. If PUR is
negative, it indicates that there will probably be an excess of that component.
McCaskey argues that remanufacturers need to make the following modifications to
traditional MRP logic for applicability to closed-loop MRP in remanufacturing:
• BOM
– Contain both disassembly/ repair and assembly components
– Each product structure contains a proposed “control item”
• Master Production Schedule (MPS)
– Incorporate a Yield Factor for cores in the MRP explosion of the MPS
• Adjustment factors to account for:
– Process yields
– Scrap or “missing” allowances
• Percent Unit Requirement (PUR) formula (see above)
• Three-Phase Remanufacturing Explosion:
– Phase 1: Explosion of MPS for control items to create a preliminary induction
schedule
– Phase 2: Induction schedules are exploded through Disassembly/ Repair BOMs
and adjustment factors using standard or actual lead times to obtain scheduled
receipts of reclaimed parts, and capacity requirements for repair processes
– Phase 3: Explosion of Assembly BOMs to obtain scheduled receipts of reclaim
parts, and planned releases of purchased items; Exception reports are generated
when scheduled receipts occur too late, too early, or indicate over-production;
React to Exception Reports

10

I like McCaskey’s control item concept and his PUR formula. However, he does not provide any calculation examples to substantiate the effectiveness of his three-phase explosion
suggestion.
Gilvan [7] provides two models that only deal with forecasting demand for the end item
in light of forecast uncertainty over a planning horizon. They do not actually address MRP
calculations.
Raupp, et al.[14] present a mixed integer programming optimization for MRP with the
goal of minimizing the total production and inventory costs, and to satisfy demand. While
compelling, the algorithm provided by Raupp et al. differs from the approach proposed in
this thesis in that they:
• Do not appear to take into account the low-level code of components, as did Gupta
and Taleb [8],
• Do not appear to have any provision for the integration between the assembly and
disassembly operations, meaning that their model does not appear to schedule disassembly operations based upon time phasing per allocation of components to assembly operations and their respective reclamation times, and
• Only consider capacity constraints in aggregate hours and aggregate unit capacity,
not by Operation or Workcenter.
Ferrer and Whybark [4] claim that their “work describes the first fully integrated material
planning system to facilitate the management of a remanufacturing facility.” Their system is based upon MRP. However, it appears to me that they predominantly focus on the
calculation of the number of cores required in order to obtain the required quantity of reclaimable components listed in the BOM. The authors make the following statement that
relates to this thesis’ topic, “One of the important production decisions at the plant is the
disassembly schedule.” In this thesis the scheduling of subassemblies and component parts
11

treat the parent end item disassembly operations as quasi-independent events upon which
the child subassemblies and component parts are dependent.
Lee, et al.[11] perform a review of articles regarding planning and scheduling problems
in disassembly systems, and propose further research. Reinforcing the need for this thesis,
they conclude that “. . . the integration of disassembly planning and scheduling problems is
suggested as a fundamental research direction to develop an integrated framework to solve
the operational problems in disassembly systems.”
Gupta and Taleb [8] address a methodology for planning and scheduling of disassembly
operations. They coin the term “reverse MRP” for their algorithm. However, the authors
make the following assumptions that differ from the production model assumptions presented in this thesis:
• Independent demand for component parts of the end item, as opposed to independent
demand for the end item
• Determines the quantity of the end item needed for disassembly and the schedule in
order to meet the independent demand for the component parts
• Does not account for any defective parts generated
• Allow receipts from external sources of remanufactured components
• The components have multiple sources of demand
Barba-Gutiérrez, et al. [2] build upon Gupta and Taleb’s [8] reverse MRP algorithm, and
present an algorithm for reverse MRP that applies lot sizing rules for component parts,
which Gupta and Taleb’s original reverse MRP algorithm did not take into consideration.
Barba-Gutiérrez and Adenso-Dı́az [1] re-formulated Gupta and Taleb’s original 1994 reverse MRP algorithm using a fuzzy logic approach, since “real information about the demand of used components is often ambiguous, vague or imprecise.” This is in contrast
12

to the deterministic data approach employed by Gupta and Taleb. Since the authors build
upon Gupta and Taleb’s algorithm, they maintain most of the original assumptions.
Xanthopoulos and Iakovou [17] develop and present a two-step methodology for optimizing the disassembly and remanufacturing processes of electronic and electric products.
Their first step involves identifying which components are appropriate and most viable for
remanufacturing. Their second step is a mixed-integer linear programming (MILP) model
for optimizing production planning of remanufacturing operations.
Junior and Filho [9] state, “Regarding disassembly, it can be said that it is the main gateway information in remanufacturing, and improvements in other aspects cannot achieve
their full potential if PPC [Production planning and control] models and methods for dealing with disassembly are not provided.” This thesis addresses the correct MRP scheduling
algorithm based upon the disassembly operation(s) which will enable backward scheduling
of remanufacturing production routings.
Panisset [13] presents the changes to a standard MRP II system required by the West
Australian Government Railway (“Westrail”) at their repair and remanufacturing facilities
in the 1980s. The author presents the following MRP II system logic changes required at
Westrail:
• “Where an item is repairable, it should be repaired in preference to manufacturing/
purchasing a new item”
• The ability to plan disassembly
• BOM and routings dependent upon part condition
• Allow “multiple parallel operations. . . , as well as the conventional sequential or simply overlapped style of routing found in manufacturing.” And, the ability to plan and
control both forms of shop floor routing
13

Panisset presents the following observation that is significantly related to this thesis methodology. “MRP logic commonly recognizes manufacture. . . orders only, and treats the repair
order as manually controlled. This had to change, and the repair order had to be defined as
a collection of related orders (to recognize that components are yielded from the disassembly process), and a series of requirements in the normal way, plus the ‘self requirement’ —
the part to be repaired is required under the repair order. Both MRP and transaction software had to be changed to make this structure a reality, recognizing that the yield orders
had to vary with the repair order in quantity and date should any changes occur.”
Panisset recognizes the “lead time offset” problem related to this thesis; however, his
only offered solution is to either change the lead time offsets of the component, or for
spare components to be available. He does not describe nor propose specific scheduling
logic within the article. This thesis does so.
Gupta and Taleb [8] conclude that further research is required regarding integration of
assembly and disassembly operations. This thesis addresses said topic.
The following table presents the notable distinctions between the approach outlined in
this thesis and other published works cited herein.

14

15

“Lot sizing in reverse MRP for Assume independent demand Assume independent demand
scheduling disassembly”
for component parts of the End only for End Item
Item

“Material planning for a re- Calculation of number of End Calculation of number of End
manufacturing facility”
Item cores required for quan- Item cores required is outside
tity of reclaimable components of the scope of this thesis
needed
“Is Repair/ remanufacturing Posit that the basic scheduling This thesis proves that the
Really Different? Standard vs. logic between standard MRP II scheduling logic is different for
REMAN MRP II”
and remanufacturing MRP II is remanufacturing MRP
the same

Y.
BarbaGuiérrez and
B.
AdensoDı́az,
and
S.M. Gupta

G. Ferrer and
D.C. Whybark

R. Fourcaud
and D. Farley

Assume independent demand
only for End Item; Only source
of remanufactured components
are from component parts removed from the End Item

“Reverse MRP under uncertain Assume that the component
and imprecise demand”
parts have multiple sources of
demand (independent and dependent demand); Allow receipts from external sources of
remanufactured components

This Thesis Approach

YḂarbaGuiérrez and
BȦdensoDı́az

Their Approach

Published Work

Author(s)

Approach Comparison

Table 2.1
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Gupta
K.N.

Junior
M.G.

S.M.
and
Taleb

M.L.
and
Filho

Their Reverse MRP algorithm
assumes independent demand
for component parts of the End
Item; Allow receipts from external sources of remanufactured components; Component
parts have multiple sources of
demand (independent and dependent demand)

Assume independent demand
only for End Item; Only source
of remanufactured components
are from component parts removed from the End Item

“Production Planning and con- Only provide a review of pro- NA
trol for remanufacturing: liter- duction planning and control
ature review and analysis”
literature published between
2000 and 2009

“Scheduling Disassembly”

“Remanufacturing: Materials Does not address MRP calcu- Provides a MRP scheduling alRequirement Planning (MRP) lations, only present two mod- gorithm
Logic”
els for forecasting End Item demand

C.S. Gilvan

Conclude that 85.4% of their Assumes RTO and MRP
survey respondents utilize scheduling in the algorithm
Remanufacture-to-Order
presented
(RTO) and MRP scheduling

“Remanufacturing scheduling
systems: an exploratory analysis coparing academic research
and industry practice”

This Thesis Approach

R.J. Gagnon
and
S.D.
Morgan

Their Approach

Published Work

Author(s)

(continued)

Table 2.1
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“Dynamic disassembly plan- Base assumption is, “Ordining for remanufacturing of nary remanufacturing planning
multiple types of products”
problems from an operational
perspective are inventory control problems.”; “Assume[s]
a system in which individual
parts disassembled from different types of products are
independently remanufactured
and supplied to new products.”;
“The sequence and level of disassembly is allowed to change
dynamically according to the
demand of remanufacturable
parts and the supply of endof-life product returns.”; There
is no linkage provided for the
planning of the components between assembly operations and
disassembly operations

C.M.
Kang
and Y.S. Hong

Their Approach

Published Work

Author(s)

(continued)

Table 2.1

This thesis algorithm demonstrates that a significant gap exists in existing MRP scheduling logic with regard to remanufacturing environments; Assumes dependent demand of
component parts to the End
Item from which disassembled;
Does not dynamically change
the sequence and level of disassembly; Provides a linkage for
the planning of the components
between parent part assembly
operations and disassembly operations

This Thesis Approach
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This thesis presents a scheduling algorithm to solve the lead
time offset problem caused by
child component remanufacturing operations being dependent
upon parent assembly disassembly operations
Recognizes the lead time offset
problem caused by child component remanufacturing operations being dependent upon
parent assembly disassembly
operations; however, does not
provide any specific scheduling
logic within the article

B.D. Panisset

“MRP II for repair/ refurbishment industries”

“MRP logic for remanufactur- Introduces the concept of a None of the concepts presented
ing – A new approach”
control item; Introduces a Per- are directly applicable within
cent Unit Requirement (PUR) the scope of this thesis
formula; Advocates for a threephase BOM explosion for remanufacturing

The basis of this thesis is
solving a integrated disassembly and component scheduling
problem

This Thesis Approach

J. McCaskey,
W.
Donald,
and R. Smith

“Disassembly planning and Conclude “...the integration
scheduling: Review and further of
disassembly
planning
research”
and scheduling problems is
suggested as a fundamental
research direction to develop
an integrated framework to
solve the operational problems
in disassembly systems.”

D.H. Lee, J.G.
Kang, and P.
Xirouchakis

Their Approach

Published Work

Author(s)

(continued)

Table 2.1
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“MRP optimization model for a Algorithm presented does not
production system with reman- appear to schedule disassemufacturing”
bly operations based upon time
phasing per allocation of components to assembly operations
and their respective reclaimation times
“Defining the Remanufacturing Suggests changes in four major
Resources Planning Standard MRP II system functional areas
System”
for remanufacturing — master scheduling, material planning, capacity planning, cost
accounting; however, does not
address the issue of MRP
scheduling of child component
remanufacturing operations being dependent upon parent assembly disassembly operations

F.M.P. Raupp,
K. De Angeli,
G.G.S. Alamora, and N.
Maculan

T.N. Szendel

Their Approach

Published Work

Author(s)

(continued)

Table 2.1

This thesis presents a MRP
scheduling algorithm for child
component remanufacturing
operations being dependent
upon parent assembly disassembly operations

This thesis presents an algorithm which schedules disassembly operations based upon
time phasing per allocation of
components to assembly operations and their respective reclaimation times

This Thesis Approach
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“Know the MRP II fundamen- Makes the assertion, ”The
tals that support remanufactur- remanufacturing
process...
ing”
requires manufacturing and
computer support systems
geared to its unique characteristics”; Concludes the
following MRP II systems
functions must uniquely support remanufacturing — cost
estimation, scheduling production, inventory stocking
designations, routings, job
costing, capacity planning,
flexible functionality; however,
doesn’t address the MRP
scheduling issue

W.
Wassweiler

Their Approach

Published Work

Author(s)

(continued)

Table 2.1

This thesis supports Wassweiler’s assertion regarding
system geared to remanufacturing’s unique characteristics;
this thesis presents a MRP
scheduling
algorithm
for
remanufacturing systems

This Thesis Approach
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“On the optimal design of the Present a mixed-integer linear
disassembly and recovery pro- programming model for opticesses”
mizing production planning of
remanufacturing operations; do
not address the issue of MRP
scheduling of child component
remanufacturing operations being dependent upon parent assembly disassembly operations

A.
Xanthopoulos and
E. Iakovou

Their Approach

Published Work

Author(s)

(continued)

Table 2.1

This thesis presents a MRP
scheduling algorithm for child
component remanufacturing
operations being dependent
upon parent assembly disassembly operations

This Thesis Approach

CHAPTER 3
ILLUSTRATION OF THE PROBLEM AND PRESENTATION OF THE SOLUTION

3.1

Illustration of Traditional MRP Scheduling Flaws in Remanufacturing
Implementation of the algorithm presented in this thesis assumes the following reman-

ufacturing production environment:
• A multilevel BOM structure
• The End Item independent demand are the quantities and their respective due dates
derived directly from customer orders (make-to-order)
• Parts removed on a parent production order are reclaimed (remanufactured) on a
linked child production order
• Backward Scheduling of the production routing operation dates
• Time-phased, as is traditional MRP, in that it takes into consideration requirements
by time period — e.g. when the parts are required — by considering the parent production routing operation to which the subassembly or component part is allocated
• The disassembly operations in the production routings are treated as quasi-independent
events
– All child subassemblies and component parts become dependent upon the respective disassembly operations of their parent(s) (from which the child is disassembled), all the way up through the multilevel BOM structure
• The time-phased scheduling relationship between disassembly and assembly operations, of both subassembly and parent End Item routings, are based upon the critical
path derived from their respective child production routings by implementing the
Stack Time algorithm
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3.2

Notional Remanufacturing Example
Figure 3.1 on page 24 is a notional remanufactured End Item BOM, with its child sub-

assemblies and component parts, for use as an example in demonstrating the concepts and
calculations presented in this paper. Table 3.1 on page 25 is a table depicting the notional
BOM subassemblies and component parts, their respective parent production routing operations from which they are disassembed, and their respective parent production routing
operations to which they are allocated for reassembly and further processing. Note that the
BOM structure listed herein is devoid of any materials not disassembled and remanufactured, such as bench stock or purchased component parts. This is due to the fact that the
purchased materials do not pose any problems not handled by traditional MRP scheduling
algorithms, or addressed by other researchers. The production routing steps for the notional
End Item and its subassemblies and component parts are depicted in Table 3.2 on page 26.
Figure 3.2 on page 28 presents a Gantt chart graphically depicting the notional production
routings of all of the notional BOM components by time period as per standard traditional
MRP time-phased scheduling calculations, with upward pointing vertical arrows depicting
the part allocations to their respective parent routing operations, as shown in Table 3.1 and
Table 3.2.
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24
Notional Bill of Material Product Tree

Figure 3.1

Component-9 Component-10

Component-8 Subassembly-5

Component-6 Component-7 Subassembly-4

Component-1 Component-2 Subassembly-3

Component-3 Component-4 Component-5

Subassembly-2

Subassembly-1

End-Item

Table 3.1
BOM Component Routing Allocation Table
BOM
Level

Part Identity

Qty
Each

Parent
na

Operation
Disassembled
From

Operation
Allocated To

na

na

0

End-Item

1

.Subassembly-1

1

End-Item

Op 1

Op 6

2

..Component-1

1

Subassembly-1

Op 1

Op 2

2

..Component-2

1

Subassembly-1

Op 1

Op 2

2

..Subassembly-3

1

Subassembly-1

Op 1

Op 2

3

...Component-3

1

Subassembly-3

Op 1

Op 2

3

...Component-4

1

Subassembly-3

Op 1

Op 2

3

...Component-5

1

Subassembly-3

Op 1

Op 2

1

.Subassembly-2

1

End-Item

Op 3

Op 5

2

..Component-6

1

Subassembly-2

Op 1

Op 4

2

..Component-7

1

Subassembly-2

Op 2

Op 5

2

..Subassembly-4

1

Subassembly-2

Op 1

Op 3

3

...Component-8

1

Subassembly-4

Op 1

Op 3

3

...Subassembly-5

1

Subassembly-4

Op 1

Op 2

4

....Component-9

1

Subassembly-5

Op 3

Op 4

4

....Component-10

1

Subassembly-5

Op 1

Op 4
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Table 3.2
Notional Example Remanufacturing Routing Details

Part Identity

Operation #

Notional
Factory
Workcenter

Time Period
Duration

End Item

Op 1
Op 2
Op 3
Op 4
Op 5
Op 6
Op 7

WC V
WC AF
WC AQ
WC Y
WC Q
WC J
WC X

1
3
2
2
3
2
1

Subassembly-1

Op 1
Op 2

WC AD
WC I

1
1

Component-1

Op 1

WC P

5

Component-2

Op 1

WC G

3

Subassembly-3

Op 1
Op 2

WC O
WC W

1
1

Component-3

Op 1

WC D

4

Component-4

Op 1
Op 2
Op 3
Op 4
Op 5
Op 6
Op 7

WC Z
WC AI
WC AC
WC H
WC AL
WC B
WC AG

1
4
2
3
1
2
1

Component-5

Op 1

WC AH

1

Subassembly-2

Op 1
Op 2
Op 3
Op 4
Op 5

WC F
WC T
WC L
WC AJ
WC N

2
1
1
2
2

Component-6

Op 1

WC AB

7

Component-7

Op 1

WC M

9

Subassembly-4

Op 1

WC E

1

26

Table 3.2
(continued)
Part Identity

Operation #

Notional
Factory
Workcenter

Time Period
Duration

Op 2
Op 3

WC R
WC C

1
1

Component-8

Op 1
Op 2
Op 3

WC AE
WC AL
WC AM

3
1
1

Subassembly-5

Op 1
Op 2
Op 3
Op 4

WC S
WC K
WC AP
WC A

1
1
1
1

Component-9

Op 1

WC AN

3

Component-10

Op 1
Op 2

WC AO
WC U

2
2
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Time Period

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

End-Item
Op 1

Op 2

Op 3

Op 4

Op 5

Op 6

Op 7

Subassembly-1
Op 1 Op 2

Component-1
Op 1

Component-2
Op 1

Subassembly-3
Op 1 Op 2

Component-3
Op 1

Component-4
Op 1

Op 2

Op 3

Op 4

Op 5

Op 6

Op 7

Component-5
Op 1

Subassembly-2
Op 1

Op 2 Op 3

Op 4

Op 5

Component-6
Op 1

Component-7
Op 1

Subassembly-4
Op 1 Op 2 Op 3

Component-8
Op 1

Op 2 Op 3

Subassembly-5
Op 1 Op 2 Op 3 Op 4

Component-9
Op 1

Component-10
Op 1

Op 2

Figure 3.2
Gantt Chart Depicting Standard MRP Production Routes of the End Item and Its Children
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3.3

Observations Regarding the Traditional Standard MRP Scheduling of the Notional Example
As Figure 3.2 clearly illustrates, when utilizing traditional MRP time-phased schedul-

ing it is possible for MRP to schedule child subassemblies and/ or component parts routing
operations to begin prior to them even being disassembled for their parent subassemblies,
and even prior to the End Item disassembly. In a remanufacturing environment this is
clearly impossible, since disassembly of a parent is almost always required prior to beginning remanufacturing operations on a child subassembly and/ or component part.
For example, observe the that Op 1 of the End Item routing is scheduled to begin in
Time Period 16. However, Op 1 of Component-4 is scheduled to begin in Time Period
11. Additionally, we see from the multilevel BOM (and from the allocation arrow pointing to Op 2 of Subassembly-3) that Component-4 is a child of Subassembly-3. Op 1 of
Subassembly-3 is scheduled to begin in Time Period 24. Thus, not only is Component-4
Op 1 scheduled to begin prior to being disassembled from its parent, Subassembly-3, it
is also scheduled to begin prior to Op 1 of the End Item. As we are utilizing the design
assumption that all subassemblies and component parts must be disassembled from their
parent prior to beginning their respective remanufacturing activities, we see that with traditional MRP time-phased scheduling that scheduling production operations utilizing this
methodology becomes physically impossible.

3.4

Solution to the Problem
The intent of this thesis is to develop and present a new remanufacturing MRP time-

phased scheduling algorithm utilizing a critical path concept, as in the project management
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field, and incorporate it into remanufacturing production planning MRP calculations. This
new MRP scheduling algorithm is optimal for calculating the total planned production
time of remanufacturing production routings, and is appropriate for even large, complex,
multilevel BOM structures.

3.5

Algorithm Design Considerations
This thesis frames the scenario (i.e. is the linkage) between disassembly and assembly

routing operations, taking into account parent/ child relationships where both the parent
and its children are remanufactured. Thus, children must first be disassembled for their
respective parents prior to commencement of remanufacturing activities of those children.
This thesis design concept is such that the algorithm presented herein is applied after
traditional standard MRP multilevel BOM explosion, child subassembly and component
part netting logic, and lot sizing rule calculations are performed. The algorithm can be
considered modular in nature, in that it stands alone from the:
• BOM explosion
• Child subassembly and component part quantities in the BOM
• End Item delivery due date (delivery time period)
• Lot sizing rules for subassembly and component parts
• MRP subassembly and component part quantity netting calculations
• Individual Routing operation duration calculations

The algorithm presented in this thesis is production routing operation duration calculation methodology agnostic, meaning that this algorithm is designed to calculate correctly
regardless of the method utilized to calculate the total duration of each individual routing
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operation in the production routings. Similarly, the MRP calculation outputs regarding the
planned net quantities for their respective remanufactured subassemblies and individual
components is calculated via the existing traditional MRP netting logic.

3.6

Algorithm Scheduling Logic
The algorithm presented within this thesis consists of three primary formulas — Equa-

tion (3.1), Equation (3.2), and Equation (3.3).
For the algorithm to calculate accurately the End Item (∅-level of the multilevel BOM)
must be the last remanufactured part evaluated — the last calculation performed, per Equation (3.3) on page 35. Additionally, the user must begin the algorithm at the remanufactured component (not purchased component) found at the lowest multilevel BOM level
(maximum value of variable b). The calculation of variable Bb must be calculated for
all components of a subassembly before performing the calculation of variable Bb for the
subassembly itself.
For brevity, and because it does not substantively lend value nor clarity to the objectives
of this thesis, we are not explaining how normal Material Requirements Planning (MRP)
processing modules in traditional ERP/ MRP II systems perform their calculations. We
are also omitting the normal requisite production control activities in ERP/ MRP II systems, such as opening period activities, planned order conversions to production orders,
production order release strategies, etc. MRP multilevel bill of material (BOM) explosion
takes place as in normal MRP processing in traditional ERP/ MRP II systems. The lowlevel code for each BOM component is calculated as within normal MRP processing. The
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multilevel BOM quantities are calculated as per normal MRP processing. The algorithms
presented within this thesis utilize those calculated BOM levels, as will be illustrated later
within this paper — we will refer to this BOM level number as variable b in the algorithm
formulas within Section 3.9 on page 35.

3.7

Algorithm Inputs
The requisite inputs to the algorithm presented in this thesis are
• The due date (time period) of the End Item
• The parent Operation from which a child is disassembled
• The parent Operation to which a child is allocated
• The value of variable b from the BOM explosion
• The total operation time — variable f — of each routing Operation, which can be
calculated as per traditional MRP calculations, e.g., (queue time + setup time + required quantity*run time + wait time)

3.8

Algorithm Process Steps
The methodology begins with the remanufacturing routing of the lowest BOM level

remanufactured component. Thus, beginning with (bmax ) calculate variable Bb utilizing
Equation (3.1). Note that the Stack Time value — variable sb in Equation (3.1) will be
zero at this lowest BOM level, and for any BOM level that does not have its own child
components. If there are other remanufactured components at this same BOM level (same
value of variable b) for the same subassembly, then continue calculating variable Bb for
all of these other remanufactured child components. If there are no other remanufactured
components at this same BOM level for the same sub-assembly, then move up one BOM
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level (b − 1). If this BOM level is a subassembly, first calculate the value of variable sb
utilizing Equation (3.2) prior to calculating the value of variable Bb with Equation (3.1).
Once the value of variable Bb is calculated for a subassembly, check to see if there are
other subassemblies at this BOM level. If so, repeat the procedures in the previous paragraph to calculate the value of variable Bb for all of its remanufactured child components,
as well as sb and Bb for the subassembly itself. After all components and subassemblies
for a particular BOM level have been evaluated, move up the BOM level structure one
level (b − 1), and repeat the above procedures until all remanufactured components and
subassemblies have been evaluated, working iteratively up the BOM structure.
Once the BOM ∅ level is reached, utilize Equation (3.3) to calculate the value of variable B∅ .
These process steps are graphically depicted within the flowchart in Figure 3.3 on page
34.
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Start
Determine largest value
of b (max b) in the BOM
Select any material with max b

Does the material
have child materials?

No

Yes
Calculate sb using formula (3.2)
Calculate Bb using formula (3.1)

Other remanufactured
parts with same b?

Yes

No

b = b−1

No

b = ∅?
Yes
Calculate s∅

Calculate B∅
End
Figure 3.3
Algorithm Process Steps Flowchart
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sb = ∅

3.9

Formulas

Equation Variables:
B: total path time
b: BOM-level index
c: route operation index
f : total operation time
j: BOM parent-level remanufacturing route operation from which the component is disassembled
k: BOM parent-level remanufacturing route operation to which the component is allocated for assembly / further processing
n: maximum number of variables
s: Stack Time

j

Bb =

n

n

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb

c=1

c=k

(3.1)

c=1

n

sb = max(Bb+1 ) − ∑ fcb

(3.2)

c=1

n

B∅ =

∑ fc∅ + s∅

(3.3)

c=1

Equation (3.1) is the equation for calculating the total remanufacturing production routing path length for either a subassembly or a component part. It takes into account the
following four elements:
• The sum of its parent production routing operation durations, from the first operation,
through the operation from which the subassembly or component part is disassembled
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• The sum of the subassembly or component part’s production routing durations
• The sum of its parent production routing operation durations, from the operation
to which the subassembly or component part is allocated, through the last parent
production routing operation
• The subassembly or component parts Stack Time

Equation (3.2) on page 35 is the equation for calculating the Stack Time of a subassembly (between final disassembly operation and the first assembly operation), which takes
into account the longest remanufacturing routing path time of all of its child components.
Equation (3.3) on page 35 is the equation for calculating the remanufacturing routing
time of the End Item, taking into account the Stack Time representing the longest remanufacturing path time of all child sub-assemblies and child components.

3.10

Remanufacturing Material Requirements Planning (MRP) Time-Phased Critical Path Scheduling Calculations Based Upon Example

These calculations will validate that the formulas presented in Section 3.9 work as
designed and meet the intent of this paper. These calculations are based upon the example
BOM and Routing structure presented in Section 3.2.
We begin by calculating the Stack Time, sb , and total path time, Bb , for each BOM
subassembly and component, beginning with the component at the lowest level (largest
value of b) of the BOM structure. The lowest level of the BOM is level 4 (b = 4), which
consists of two components:
• Component-9
• Component-10

Component-9:
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• Since Component-9 is on BOM level 4, b = 4.
• Since Component-9 doesn’t have any child components, its Stack Time s4 = ∅.
• Component-9 has one routing operation; therefore, its n = 1.
• Component-9 is disassembled from Subassembly-5 at routing operation 3; therefore,
j = 3.
• Component-9 is allocated to Subassembly-5 routing operation 4; therefore, k = 4.
• Subassembly-5 has a total of four routing operations; therefore, its n = 4.

We utilize Formula (3.1) to calculate the total path time, Bb , for Component-9:
j

Bb =

∑

c=1
3

B4 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
4

c=1

1

∑ fc3 + ∑ fc3 + ∑ fc4 + s4

c=1

c=4

c=1

= (1 + 1 + 1) + (1) + (3) + (∅)
=7

Component-10:
• Since Component-10 is on BOM level 4, b = 4.
• Since Component-10 doesn’t have any child components, its Stack Time s4 = ∅.
• Component-10 has two routing operations; therefore, its n = 2.
• Component-10 is disassembled from Subassembly-5 at routing operation 1; therefore, j = 1.
• Component-10 is allocated to Subassembly-5 routing operation 4; therefore, k = 4.
• Subassembly-5 has a total of four routing operations; therefore, its n = 4.
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We utilize Formula (3.1) to calculate the total path time, Bb , for Component-10:
j

Bb =

c=1
1

B4 =

n

n

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
4

c=1

2

∑ fc3 + ∑ fc3 + ∑ fc4 + s4

c=1

c=4

c=1

= (1) + (1) + (2 + 2) + (∅)
=6

Now that we have evaluated Bb for all BOM level 4 (b = 4) components, we now move
up one level of the BOM structure, which is BOM level 3 (b = 3), and evaluate the Stack
Time, sb , and total path time, Bb , for those materials. The materials that are on BOM level
3 are:
• Component-3
• Component-4
• Component-5
• Component-8
• Subassembly-5

Component-3:
• Since Component-3 is on BOM level 3, b = 3.
• Since Component-3 doesn’t have any child components, its Stack Time s3 = ∅.
• Component-3 has one routing operation; therefore, its n = 1.
• Component-3 is disassembled from Subassembly-3 at routing operation 1; therefore,
j = 1.
• Component-3 is allocated to Subassembly-3 routing operation 2; therefore, k = 2.
• Subassembly-3 has a total of two routing operations; therefore, its n = 2.
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We utilize Formula (3.1) to calculate the total path time, Bb , for Component-3:
j

Bb =

n

c=1
1

B3 =

n

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=1

c=k
2

1

∑ fc2 + ∑ fc2 + ∑ fc3 + s3

c=1

c=2

c=1

= (1) + (1) + (4) + (∅)
=6

Component-4:
• Since Component-4 is on BOM level 3, b = 3.
• Since Component-4 doesn’t have any child components, its Stack Time s3 = ∅.
• Component-4 has seven routing operations; therefore, its n = 7.
• Component-4 is disassembled from Subassembly-3 at routing operation 1; therefore,
j = 1.
• Component-4 is allocated to Subassembly-3 routing operation 2; therefore, k = 2.
• Subassembly-3 has a total of two routing operations; therefore, its n = 2.

We utilize Formula (3.1) to calculate the total path time, Bb , for Component-4:
j

Bb =

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb

c=1
1

B3 =

n

n
c=k
2

c=1

7

∑ fc2 + ∑ fc2 + ∑ fc3 + s3

c=1

c=2

c=1

= (1) + (1) + (1 + 4 + 2 + 3 + 1 + 2 + 1) + (∅)
= 16

Component-5:
• Since Component-5 is on BOM level 3, b = 3.
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• Since Component-5 doesn’t have any child components, its Stack Time s3 = ∅.
• Component-5 has one routing operation; therefore, its n = 1.
• Component-5 is disassembled from Subassembly-3 at routing operation 1; therefore,
j = 1.
• Component-5 is allocated to Subassembly-3 routing operation 2; therefore, k = 2.
• Subassembly-3 has a total of two routing operations; therefore, its n = 2.

We utilize Formula (3.1) to calculate the total path time, Bb , for Component-5:
j

Bb =

∑

c=1
1

B3 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
2

c=1

1

∑ fc2 + ∑ fc2 + ∑ fc3 + s3

c=1

c=2

c=1

= (1) + (1) + (1) + (∅)
=3

Component-8:
• Since Component-8 is on BOM level 3, b = 3.
• Since Component-8 doesn’t have any child components, its Stack Time s3 = ∅.
• Component-8 has three routing operations; therefore, its n = 3.
• Component-8 is disassembled from Subassembly-4 at routing operation 1; therefore,
j = 1.
• Component-8 is allocated to Subassembly-4 routing operation 3; therefore, k = 3.
• Subassembly-4 has a total of three routing operations; therefore, its n = 3.
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We utilize Formula (3.1) to calculate the total path time, Bb , for Component-8:
j

Bb =

∑

c=1
1

B3 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
3

c=1

3

∑ fc2 + ∑ fc2 + ∑ fc3 + s3

c=1

c=3

c=1

= (1) + (1) + (3 + 1 + 1) + (∅)
=7
Subassembly-5:
• Since Subassembly-5 is on BOM level 3, b = 3.
• Subassembly-5 has four routing operations; therefore, its n = 4.
• Subassembly-5 is disassembled from Subassembly-4 at routing operation 1; therefore, j = 1.
• Subassembly-5 is allocated to Subassembly-4 routing operation 2; therefore, k = 2.
• Subassembly-4 has a total of three routing operations; therefore, its n = 3.
Subassembly-5 has two child components — Component-9 and Component-10. We
begin by utilizing Formula (3.2) to calculate the Stack Time, sb , for Subassembly-5. Of its
child components, we calculated that Component-9 has the largest value for B4 ; therefore,
its B4 value of 7 becomes the value for max(Bb+1 ) in Formula (3.2).
n

sb = max(Bb+1 ) − ∑ fcb
c=1

4

s3 = max(B4 ) − ∑ fc3
c=1

= 7 − (1 + 1 + 1 + 1)
= 7−4
=3
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We utilize Formula (3.1) to calculate the total path time, Bb , for Subassembly-5:
j

Bb =

c=1
1

B3 =

n

n

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=1

c=k
3

4

∑ fc2 + ∑ fc2 + ∑ fc3 + s3

c=1

c=2

c=1

= (1) + (1 + 1) + (1 + 1 + 1 + 1) + (3)
= 10

Now that all BOM level 3 components and subassemblies have been evaluated, we now
move up one level of the BOM structure, which is BOM level 2 (b = 2), and evaluate the
Stack Time, sb , and total path time, Bb , for those materials. The materials that are on BOM
level 2 are:
• Component-1
• Component-2
• Component-6
• Component-7
• Subassembly-3
• Subassembly-4

Component-1:
• Since Component-1 is on BOM level 2, b = 2.
• Since Component-1 doesn’t have any child components, its Stack Time s2 = ∅.
• Component-1 has one routing operation; therefore, its n = 1.
• Component-1 is disassembled from Subassembly-1 at routing operation 1; therefore,
j = 1.
• Component-1 is allocated to Subassembly-1 routing operation 2; therefore, k = 2.
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• Subassembly-1 has a total of two routing operations; therefore, its n = 2.
We utilize Formula (3.1) to calculate the total path time, Bb , for Component-1:
j

Bb =

∑

c=1
1

B2 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
2

c=1

1

∑ fc1 + ∑ fc1 + ∑ fc2 + s2

c=1

c=2

c=1

= (1) + (1) + (5) + (∅)
=7
Component-2:
• Since Component-2 is on BOM level 2, b = 2.
• Since Component-2 doesn’t have any child components, its Stack Time s2 = ∅.
• Component-2 has one routing operation; therefore, its n = 1.
• Component-2 is disassembled from Subassembly-1 at routing operation 1; therefore,
j = 1.
• Component-2 is allocated to Subassembly-1 routing operation 2; therefore, k = 2.
• Subassembly-1 has a total of two routing operations; therefore, its n = 2.
We utilize Formula (3.1) to calculate the total path time, Bb , for Component-2:
j

Bb =

n

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb

c=1
1

B2 =

n
c=k
2

c=1

1

∑ fc1 + ∑ fc1 + ∑ fc2 + s2

c=1

c=2

c=1

= (1) + (1) + (3) + (∅)
=5
Component-6:
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• Since Component-6 is on BOM level 2, b = 2.
• Since Component-6 doesn’t have any child components, its Stack Time s2 = ∅.
• Component-6 has one routing operation; therefore, its n = 1.
• Component-6 is disassembled from Subassembly-2 at routing operation 1; therefore,
j = 1.
• Component-6 is allocated to Subassembly-2 routing operation 4; therefore, k = 4.
• Subassembly-2 has a total of five routing operations; therefore, its n = 5.

We utilize Formula (3.1) to calculate the total path time, Bb , for Component-6:
j

Bb =

∑

c=1
1

B2 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
5

c=1

1

∑ fc1 + ∑ fc1 + ∑ fc2 + s2

c=1

c=4

c=1

= (2) + (2 + 2) + (7) + (∅)
= 13

Component-7:
• Since Component-7 is on BOM level 2, b = 2.
• Since Component-7 doesn’t have any child components, its Stack Time s2 = ∅.
• Component-7 has one routing operation; therefore, its n = 1.
• Component-7 is disassembled from Subassembly-2 at routing operation 2; therefore,
j = 2.
• Component-7 is allocated to Subassembly-2 routing operation 5; therefore, k = 5.
• Subassembly-2 has a total of five routing operations; therefore, its n = 5.

44

We utilize Formula (3.1) to calculate the total path time, Bb , for Component-7:
j

Bb =

∑

c=1
2

B2 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=1

c=k
5

1

∑ fc1 + ∑ fc1 + ∑ fc2 + s2

c=1

c=1

c=5

= (2 + 1) + (2) + (9) + (∅)
= 14
Subassembly-3:
• Since Subassembly-3 is on BOM level 2, b = 2.
• Subassembly-3 has two routing operations; therefore, its n = 2.
• Subassembly-3 is disassembled from Subassembly-1 at routing operation 1; therefore, j = 1.
• Subassembly-3 is allocated to Subassembly-1 routing operation 2; therefore, k = 2.
• Subassembly-1 has a total of two routing operations; therefore, its n = 2.
Subassembly-3 has three child components — Component-3, Component-4, and Component5. We begin by utilizing Formula (3.2) to calculate the Stack Time, sb , for Subassembly-3.
Of its child components, we calculated that Component-4 has the largest value for B3 ;
therefore, its B3 value of 16 becomes the value for max(Bb+1 ) in Formula (3.2).
n

sb = max(Bb+1 ) − ∑ fcb
c=1

2

s2 = max(B3 ) − ∑ fc2
c=1

= 16 − (1 + 1)
= 16 − 2
= 14
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We utilize Formula (3.1) to calculate the total path time, Bb , for Subassembly-3:
j

Bb =

∑

c=1
1

B2 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
2

c=1

2

∑ fc1 + ∑ fc1 + ∑ fc2 + s2

c=1

c=2

c=1

= (1) + (1) + (1 + 1) + (14)
= 18
Subassembly-4:
• Since Subassembly-4 is on BOM level 2, b = 2.
• Subassembly-4 has three routing operations; therefore, its n = 3.
• Subassembly-4 is disassembled from Subassembly-2 at routing operation 1; therefore, j = 1.
• Subassembly-4 is allocated to Subassembly-2 routing operation 3; therefore, k = 3.
• Subassembly-2 has a total of five routing operations; therefore, its n = 5.
Subassembly-4 has two child components — Component-8 and Subassembly-5. We
begin by utilizing Formula (3.2) to calculate the Stack Time, sb , for Subassembly-4. Of its
child components, we calculated that Subassembly-5 has the largest value for B3 ; therefore,
its B3 value of 10 becomes the value for max(Bb+1 ) in Formula (3.2).
n

sb = max(Bb+1 ) − ∑ fcb
c=1

3

s2 = max(B3 ) − ∑ fc2
c=1

= 10 − (1 + 1 + 1)
= 10 − 3
=7
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We utilize Formula (3.1) to calculate the total path time, Bb , for Subassembly-4:
j

Bb =

c=1
1

B2 =

n

n

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=1

c=k
5

3

∑ fc1 + ∑ fc1 + ∑ fc2 + s2

c=1

c=3

c=1

= (2) + (1 + 2 + 2) + (1 + 1 + 1) + (7)
= 17

Now that all BOM level 2 components and subassemblies have been evaluated, we now
move up one level of the BOM structure, which is BOM level 1 (b = 1), and evaluate the
Stack Time, sb , and total path time, Bb , for those materials. The materials that are on BOM
level 1 are:
• Subassembly-1
• Subassembly-2

Subassembly-1:
• Since Subassembly-1 is on BOM level 1, b = 1.
• Subassembly-1 has two routing operations; therefore, its n = 2.
• Subassembly-1 is disassembled from the End Item at routing operation 1; therefore,
j = 1.
• Subassembly-1 is allocated to the End Item routing operation 6; therefore, k = 6.
• The End Item has a total of seven routing operations; therefore, its n = 7.

Subassembly-1 has three children — Component-1, Component-2, and Subassembly3. We begin by utilizing Formula (3.2) to calculate the Stack Time, sb , for Subassembly-1.
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Of its children, we calculated that Subassembly-3 has the largest value for B2 ; therefore,
its B2 value of 18 becomes the value for max(Bb+1 ) in Formula (3.2).
n

sb = max(Bb+1 ) − ∑ fcb
c=1

2

s1 = max(B2 ) − ∑ fc1
c=1

= 18 − (1 + 1)
= 18 − 2
= 16

We utilize Formula (3.1) to calculate the total path time, Bb , for Subassembly-1:
j

Bb =

∑

c=1
1

B1 =

n

n

fcb−1 + ∑ fcb−1 + ∑ fcb + sb
c=k
7

c=1

2

∑ fc∅ + ∑ fc∅ + ∑ fc1 + s1

c=1

c=6

c=1

= (1) + (2 + 1) + (1 + 1) + (16)
= 22

Subassembly-2:
• Since Subassembly-2 is on BOM level 1, b = 1.
• Subassembly-2 has five routing operations; therefore, its n = 5.
• Subassembly-2 is disassembled from the End Item at routing operation 3; therefore,
j = 3.
• Subassembly-2 is allocated to the End Item routing operation 5; therefore, k = 5.
• The End Item has a total of seven routing operations; therefore, its n = 7.
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Subassembly-2 has three children — Component-6, Component-7, and Subassembly4. We begin by utilizing Formula (3.2) to calculate the Stack Time, sb , for Subassembly-2.
Of its children, we calculated that Subassembly-4 has the largest value for B2 ; therefore,
its B2 value of 17 becomes the value for max(Bb+1 ) in Formula (3.2).
n

sb = max(Bb+1 ) − ∑ fcb
c=1

5

s1 = max(B2 ) − ∑ fc1
c=1

= 17 − (2 + 1 + 1 + 2 + 2)
= 17 − 8
=9

We utilize Formula (3.1) to calculate the total path time, Bb , for Subassembly-2:
j

Bb =

∑ fcb−1 + ∑ fcb−1 + ∑ fcb + sb

c=1
3

B1 =

n

n
c=k
7

c=1

5

∑ fc∅ + ∑ fc∅ + ∑ fc1 + s1

c=1

c=5

c=1

= (1 + 3 + 2) + (3 + 2 + 1) + (2 + 1 + 1 + 2 + 2) + (9)
= 29

Now that all BOM level 1 subassemblies have been evaluated, we now move up one
level of the BOM structure, which is BOM level ∅ (b = ∅). We utilize Formula (3.3) to
calculate the total routing lead time of the End Item.
End Item:
• Since the End Item is on BOM level ∅, b = ∅.
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• The End Item has seven routing operations; therefore, its n = 7.
The End Item has two children — Subassembly-1 and Subassembly-2. We begin by
utilizing Formula (3.2) to calculate the Stack Time, sb , for the End Item. Of its children,
we calculated that Subassembly-2 has the largest value for B1 ; therefore, its B1 value of 29
becomes the value for max(Bb+1 ) in Formula (3.2).
n

sb = max(Bb+1 ) − ∑ fcb
c=1

7

s∅ = max(B1 ) − ∑ fc∅
c=1

= 29 − (1 + 3 + 2 + 2 + 3 + 2 + 1)
= 29 − 14
= 15

n

B∅ =

∑ fc∅ + s∅

c=1
7

B∅ =

∑ fc∅ + s∅

c=1

= (1 + 3 + 2 + 2 + 3 + 2 + 1) = (15)
= 29
The End Item’s B∅ value of 29 means that the total remanufacturing lead time of the
End Item is 29 time periods. Thus, B∅ is the value to utilize in lead time scheduling of the
End Item in meeting customer order due dates.
A summary of these calculation results is provided below in Table 3.3.
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Table 3.3
BOM Material Stack Time and Total Path Time Summary Table
Part Identity

b

sb

Bb

Component-9

4

∅

7

Component-10

4

∅

6

Component-3

3

∅

6

Component-4

3

∅

16

Component-5

3

∅

3

Component-8

3

∅

7

Subassembly-5

3

3

10

Component-1

2

∅

7

Component-2

2

∅

5

Component-6

2

∅

13

Component-7

2

∅

14

Subassembly-3

2

14

18

Subassembly-4

2

7

17

Subassembly-1

1

16

22

Subassembly-2

1

9

29

End-Item

0

15

29
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3.11

Observations Regarding Remanufacturing Material Requirements Planning
(MRP) Time-Phased Critical Path Scheduling

Figure 3.4 on page 53 graphically depicts the results of the algorithm presented in this
thesis in a Gantt chart. As in the Gantt chart presented in Figure 3.2 on page 28, the upward pointing vertical arrows depict the part allocations to their respective parent routing.
Likewise, the downward pointing vertical arrows depict their respective parent routing disassembly operations from which the part is disassembled. In comparing this Gantt chart
to the one presented in Figure 3.2 on page 28, we see that the algorithm presented in this
thesis results in time-phased MRP routing scheduling which automatically computes and
adds Stack Time to allow for the remanufacturing of child materials.
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29
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Op 1

Op 2

Figure 3.4
Gantt Chart Depicting Production Routes of the End Item and Its Children
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CHAPTER 4
CONCLUSIONS AND CONTRIBUTIONS

4.1

Conclusions
This thesis developed and presented a new remanufacturing MRP time-phased schedul-

ing algorithm utilizing a critical path concept, as in the project management field, for incorporation into remanufacturing production planning MRP calculations. It then validated
that the new MRP time-phased scheduling algorithm works as designed via algorithm calculations based upon a notional multilevel BOM and notional remanufacturing production
routings. The algorithm automates the remanufacturing lead time allowance calculation for
child subassemblies and component parts in the form of Stack Time, and as such creates a
linkage between the parent remanufacturing routing operation to which a remanufactured
subassembly or component part is allocated for further processing, and the parent routing
operation from which it is disassembled. This new MRP scheduling algorithm is optimal
for calculating the total planned production time of remanufacturing production routings,
and is appropriate for even large, complex, multilevel BOM structures.

4.2

Why This Solution?
Since the algorithm presented within this thesis follows a critical path concept, some

readers may question why I chose to solve the problem statement presented within this
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thesis as I did, and not utilize the Critical Path Method. At first glance, those proficient
in applying the Critical Path Method might say that this problem could be solved utilizing
the Critical Path Method. There are a number of reasons why the algorithm presented
within this thesis is a superior methodology to solve the problem statement addressed in
this thesis.
It is this authors opinion that utilizing a Critical Path Method solution:
• Would require significant manual effort to convert remanufacturing routing operations into Critical Path Method nodes
• Would require significant manual effort to define predecessor/ successor relationships, dummy activities, etc. required by the Critical Path Method
• Would not readily lend itself to implementation within MRP modules of ERP/ MRPII systems

Whereas the algorithm presented within this thesis exhibits the following superior attributes as opposed to using the Critical Path Method as a solution to the problem statement
addressed in this thesis:
• Utilizes existing MRP module outputs and routing data as inputs to the algorithm, as
stated in Section 3.7 on page 32
• Provides an automated means of generating the child subassembly/ component part
total path time variable Bb , which is a critical element to linking the child subassembly/ component dependencies to both the parent disassembly operations and parent
operations to which the child is allocated
• Readily lends itself to future implementation within the MRP module scheduling
logic of remanufacturing ERP/ MRP-II systems
• Creates an automated method for calculating the Stack Time in accounting for the
duration of child subassembly and component part remanufacturing production activities
• Creates an automated method for calculating the End Item total path time, variable
B∅ , which is in essence the “critical path” of the End Item
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4.3

Applicability
The algorithm presented within this thesis is applicable for use by process engineers

and ERP/ MRP-II system master data cells responsible for remanufacturing routing development and maintenance. It is suitable for use with remanufacturing production routings
in which the only independent demand is for the end items. And, for remanufacturing
production routings where component parts and subassemblies are removed from an End
Item, remanufactured, and reinstalled back into those end items. In this scenario those
production routings are remanufacturing discrete items, à la discrete manufacturing (vice
process manufacturing). Further, the algorithm is applicable to remanufacturing facilities
employing a make-to-order production model.

4.4

Limitations of Applicability
There are some production environments that are not suitable for the application of

this algorithm. In particular, this algorithm is not applicable for manufacturing facilities
since there would not be disassembly operations within the production routings from which
components are first removed. Additionally, there are remanufacturing facilities in which
the remanufacturing production model renders the algorithm ineffective. Such examples
include: when there is independent demand for child component parts; production models
where end items are disassembled into their child component parts, those child component
parts are receipted into inventory, and remanufactured independently and non-concurrently
from the end items and/ or subassemblies from which they were disassembled, or are as-
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sembled into completely different end items; and, remanufacturing facilities employing an
assemble-to-order model.

4.5

Recommendations for Implementing This Algorithm
For those process engineers and ERP/ MRP-II system master data cells who would like

to immediately implement the algorithm presented within this thesis, this author proposes
the following sequence of activities:
• Utilize an existing product BOM structure
• Utilize existing remanufacturing production routings related to that same BOM structure
• For the End Item and all remanufactured components and subassemblies within the
BOM structure collect the algorithm input data elements outlined in Section 3.7 on
page 32
• Perform the algorithm calculations presented within this thesis, as in the examples
provided in Section 3.10 on page 36
• Plug the calculated Stack Time into the existing remanufacturing production routings
in the form a wait time between the disassembly operations (where the children are
removed) and the operations (most probably painting or reassembly) to which those
respective children are allocated
There is no need to treat purchased component and/ or subassemblies any differently than
normal, because these are handled as normal by the existing traditional MRP scheduling
algorithm of ERP/ MRP-II systems. This algorithm will not affect those items. Also, note
that this algorithm does not take into account move times. Utilization of move times in
the remanufacturing production routing scheduling should be applied independent of, and
after, the algorithm calculations of this thesis.
The resulting remanufacturing routings implementing the algorithm will exhibit more
accurate MRP time-phased scheduling that takes into account the remanufacturing lead
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time allowance calculation for child subassemblies and component parts in the form of
Stack Time, and as such creates a linkage between the parent remanufacturing routing operation to which a remanufactured subassembly or component part is allocated for further
processing, and the parent routing operation from which it is disassembled. If the process engineers and/ or ERP/ MRP-II system master data cells further want to see the result
in their existing planned production orders, they could perform a regeneration MRP run,
which would trigger a re-reading of the master data and recreate the planned orders with
the revised routings.
The most advantageous long-term utilization of the algorithm presented within this
thesis is to incorporate it within the MRP scheduling logic of an ERP and/ or MRP-II
system.

4.6

Contributions to the Academic Body of Knowledge
This thesis makes the following contributions in furthering the academic body of knowl-

edge:
• Developed and documented a viable remanufacturing MRP time-phased scheduling
algorithm
• Developed, presented the definition of, and the formula for, the term Stack Time
• Incorporated a methodology to automatically calculate the net maximum scheduled
production time between sub-assembly and End Item disassembly and assembly operations, taking into account the entire multilevel Bill of Material (BOM)
• Solved a real-work remanufacturing production planning scheduling problem that is
not currently addressed in any published work, neither academic nor commercial
• Developed and presented a remanufacturing production planning time-phased scheduling algorithm that does not exist in any ERP/ MRP II MRP logic currently on the
market
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APPENDIX A
GLOSSARY

61

These definitions are from the APICS Dictionary, Fourteenth Edition [3]. Used with permission.
assemble-to-order A production environment where a good or service can be assembled
after receipt of a customer’s order. The key components. . . used in the assembly or
finishing process are planned and usually stocked in anticipation of a customer order.
batch processing A manufacturing technique in which parts are accumulated and processed together in a lot.
bill of material (BOM) A listing of all the subassemblies, intermediates, parts, and raw
materials that go into a parent assembly showing the quantity of each required to
make an assembly.
bill of material explosion The process of determining component identities, quantities
per assembly, and other parent/ component relationship data for a parent item. Explosion may be single level, indented, or summarized.
closed-loop MRP A system built around material requirements planning that includes the
additional planning processes of production planning (sales and operations planning), master production scheduling, and capacity requirements planning. Once the
planning phase is complete and plans have been accepted as realistic and attainable,
the execution processes come into play. These processes include the manufacturing
control processes of input-output (capacity) measurement, detailed scheduling and
dispatching, as well as anticipated delay reports from both the plan and suppliers,
supplier scheduling, and so on. The term closed loop implies not only that each of
these processes is included in the overall system, but also that feedback is provided
by the execution processes so that the planning can be kept valid at all times.
component The raw material, part, or subassembly that goes into a higher level assembly,
compound, or other item.
critical path The longest sequence of activities through a network. The critical path defines the planned project duration.
discrete manufacturing The production of distinct items such as automobiles, appliances,
or computers.
end item A product sold as a completed item or repair part; any item subject to a customer
order or sales forecast.
intermittent production A form of manufacturing in which the jobs pass through the
functional departments in lots, and each lot may ave a different routing.
make-to-order A production environment where a good or service can be made after
receipt of a customer’s order. . .
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material requirements planning (MRP) A set of techniques that uses bill of material
data, inventory data, and the master production schedule to calculate requirements
for materials. It makes recommendations to release replenishment orders for material. Further, because it is time-phased, it makes recommendations to reschedule
open orders when due dates and need dates are not in phase. Time-phased MRP begins with the items listed on the Master Production Schedule (MPS) and determines
(1) the quantity of all components and materials required to fabricate those items
and (2) the date that the components and material are required. Time-phased MRP is
accomplished by exploding the bill of material, adjusting for inventory quantities on
hand or on order, and offsetting the net requirements by the appropriate lead times.
manufacturing resource planning (MRP II) A method for the effective planning of all
resources of a manufacturing company. . .
master production schedule (MPS) . . . the anticipated build schedule. . . that the company
plans to produce. . .
materials The components that are processed by an operation.
move time The time that a job spends in transit from one operation to another in the plant.
multilevel bill of material A display of all the components directly or indirectly used in
a parent, together with the quantity required of each component. If a component is
a subassembly, bled, intermediate, etc., all its components and all their components
also will be exhibited, down to purchased parts and raw materials.
netting The process of calculating net requirements.
operation The performance of any planned work or method associated with an individual,
machine, process, department, or inspection.
parent item The item produced from one or more components.
planned order A suggested order quantity, release date, and due date created by the planning system’s logic when it encounters net requirements in processing MRP.
process layout A facility configuration in which operations of a similar nature or function
are grouped together; an organizational structure based on departmental specialty
(e.g. saw, lathe, mill, heat treat, press).
process manufacturing Production that adds value by mixing, separating, forming, and/
or performing chemical reactions.
product tree A graphical (or tree) representation of the bill of material.
production order A document, group of documents, or schedule conveying authority for
the manufacture of specified parts or products in specified quantities.
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regeneration MRP An MRP processing approach where the master production schedule
is totally reexploded down through all bills of material, to maintain valid priorities.
New requirements and planned orders are completely recalculated or “regenerated”
at that time.
remanufacturing 1) An industrial process in which worn-out products are restored to
like-new condition. In contrast, a repaired product normally retains its identity, and
only those parts that have failed or are badly worn are replaced or serviced. 2)
The manufacturing environment where worn-out products are restored to like-new
condition.
routing Information detailing the method of manufacture of a particular item. It includes
the operations to be performed, their sequence, the various work centers involved,
and the standards for setup and run.
safety stock A quantity of stock planned to be in inventory to protect against fluctuations
in demand or supply.
subassembly An assembly that is used at the next level of the bill of material to build
another assembly.
time phasing The technique of expressing future demand, supply, and inventories by time
period. Time phasing is one of the key elements of material requirements planning.
work-in-process A good or goods in various stages of completion throughout the plant,
including all material from raw material that has been released for initial processing up to completely processed material awaiting final inspection and acceptance as
finished good inventory.
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